The concentration of airborne endotoxins and microorganisms in livestock buildings (cattle, pig, poultry) was surveyed in four European countries (England, The Netherlands, Denmark and Germany). Measurements were made during the day and night. The endotoxin concentrations were determined from dust samples separated into inhalable and respirable fractions. Airborne microorganisms were classified as total bacteria, Enterobacteriaceae and total fungi.
The concentration of airborne endotoxins and microorganisms in livestock buildings (cattle, pig, poultry) was surveyed in four European countries (England, The Netherlands, Denmark and Germany). Measurements were made during the day and night. The endotoxin concentrations were determined from dust samples separated into inhalable and respirable fractions. Airborne microorganisms were classified as total bacteria, Enterobacteriaceae and total fungi.
The lowest endotoxin concentrations were found in cattle houses. The highest concentrations of endotoxin were measured in poultry houses, especially percheries, with an overall mean of 692 and 49 ng/m for inhalable and respirable fractions, respectively. Endotoxin concentration was usually higher in the day than at night. These concentrations give cause for concern for the health of stockmen working in such buildings. The corresponding mean emission rates from poultry houses were 678 and 43 g/h (500 kg) liveweight, respectively, 51 and 6 g/h (500 kg) liveweight from pig buildings and 9 and 1 g/h (500 kg) liveweight from cattle houses.
A new automated bioaerosol sampler was developed, which allows remote, independent sampling of airborne microorganisms. Its principle of operation is similar to a slit sampler: airborne microbes are collected by impaction on an agar surface. Most measurements of airborne microorganisms were made in Germany. The indoor concentration of total bacteria was 6)43 log colonyforming units (cfu)/m in broiler houses, 5)1 log cfu/m in pig buildings and 4)3 log cfu/m in cattle buildings. During the day, the overall concentration of Enterobacteriaceae ranged between 3 and 4 log cfu/m. The mean fungi concentration for cattle was 3)8, for pigs 3)7 and for poultry 4)0 log cfu/m during the day. Slightly lower concentrations were measured at night. No significant correlation was found between the concentrations of endotoxin and Enterobacteriaceae.
The highest emission rate of total bacteria and fungi was measured for broilers, i.e. 9)5 and 7)7 log cfu/h (500 kg) liveweight, respectively. Buildings for laying hens had the highest mean emission rate of 7)1 log cfu/h (500 kg) liveweight for Enterobacteriaceae.
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Introduction
The air in intensive livestock buildings usually contains high concentrations of airborne microorganisms.
1-4
Normally, these microorganisms are associated with dust particles and present a biologically active aerosol (bioaerosol). They can cause or trigger lung-related diseases in animals and man, 5-7 while many common pathogens of pigs and poultry are known to be transmitted aerially.
8
Some non-pathogenic microbes, e.g. the genus Micrococcaceae, can become opportunistic pathogens under certain conditions, such as poor air quality which can interfere with respiratory defence mechanisms. Fungi and their specific mycotoxins are also important, especially the mycotoxin-producing genus Aspergillus, Penicillium or Fusarium, whcih are routinely detected in livestock buildings.
9
A summary of measured concentrations of airborne microorganisms is given in Table 1 and is restricted to livestock buildings in the northern hemisphere. Other summaries have been published by Methling et al. 3 and Zeitler.
10 Table 2 lists some published data on the concentrations of endotoxin. These summaries indicate the 
11
In addition to the contribution of viable bacteria to respiratory disease, endotoxins, which are cell-wall components of dead Gram -negative bacteria, also play a major role in inflammatory reactions and the deterioration of lung function.
15,19-21 The emission of these agents into the environment may be a cause for concern.
The common methods for sampling airborne microorganisms are based on the principles of impingement, impaction, filtration and sedimentation. At present, there is neither a generally accepted standard sampling method nor a method which can work either continuously or in the absence of the operator. To overcome these disadvantages, an automatic bioaerosol sampler (ABS) was developed for this project and has been described elsewhere.
22
The object of this study was to determine the concentrations and emissions of airborne endotoxins and microorganisms in different types of livestock buildings in four Northern European countries. This study was part of a larger survey of the emissions of aerial pollutants from livestock buildings, an overview of which is given by Wathes et al. 23 2. Materials and methods
Endotoxins
An overall description of the project has been given by Phillips et al. 24 Dust samples were taken at seven locations within the animal house. A pair of inhalable and respirable dust samplers (SKC) was used in the day (06 00-18 00 h) and night (18 00-06 00 h) for each sampling site. Flow rates were adjusted to 2)0 l/min for the inhalable dust sampler and 1)9 l/min for the respirable dust sampler. The endotoxin concentrations in the dust samples were analysed after conditioning and weighing of pooled samples of the filters. The basis of the endotoxin analysis was the Limulus Amoebocyte Lysate (LAL) gelation test, modified by kinetic-turbidimetric analysis. All dust samples were analysed for endotoxin content as a batch under identical sampling conditions. All glassware was made from borocilicate glass and was made pyrogen-free by heating at 300°C for 3 h. Other disposable articles (Eppendorf, Germany) were pyrogenfree. Each filter batch was diluted with endotoxin-free water (Acila, Pyroquant Diagnostik GmbH, Germany) over the range from 1 : 10 to 1 : 10; the dilution factor depended on the total amount of sampled dust. The optimum pH ranged between 6 and 8 and was adjusted where necessary by the addition of NaOH, HCl or by an endotoxin-free buffer. The water/dust suspension was shaken for at least 3 h at 20°C. The solution was centrifuged at 1000 g for 10 min and an aliquot of 200 l was diluted with endotoxin-free water to 1 : 10. A volume of 200 l of this highest dilution was made up with 200 l endotoxin-free water and 100 l lysate. For calibration, six standard solutions were made with the endotoxin of Salmonella abortus equi (Pyroquant Diagnostik GmbH, Germany), adjusted to 100 ng/ml. The magnitude of gelation and the recovery of dust-related endotoxins was checked by spiked samples, containing 12)5 pg of Salmonella abortus equi endotoxin. A multipoint calibration with 400 l of solutions with 100, 50, 25, 12)5, 6)25 and 3)125 pg/ml with 100 l lysate was used and the magnitude of concentration-dependent gelation was measured by photometry. All data were analysed by linear regression and compared with a standard curve obtained from a reference endotoxin of Salmonella abortus equi. A correlation coefficient of better than 0)98 was accepted. A solution of 400 l endotoxin-free water and 100 l lysate served as a control. The measurement of gelation was made with a LAL-5000 instrument (Pyroquant Diagnostik GmbH, Germany). The result was expressed as ng of endotoxins per m air.
Data were transformed by logarithms and analysed by one-way analysis of variance with country (England, The Netherlands, Denmark, Germany), species (cattle; pig; poultry) and animal types (dairy, beef, calf; sow, weaner, fattening pig; layer and broiler, respectively), species-related housing type (tied/cubicle, litter, slats, mesh, perchery, cages) and season (winter, summer) as separate factors.
Microorganisms
Sampling of airborne microorganisms was carried out with a newly developed automatic bacteria sampler which has been described elsewhere.
22,25 Plate-Count-Agar (PC, RPP 013), Violet-Red-Bile-Agar (VRB, RPP 075) and Sabouraud-Agar (SA, RPP 055) were purchased from UNIPATH (Wesel, Germany) for the determination of the total amount of bacteria (mainly Gram -positive and to a lesser extent Gram -negative), Gram -negative bacteria (Enterobacteriaceae) and total fungi, respectively. For six buildings, half-strength nutrient agar for total bacteria and malt extract agar for fungi and yeasts were used. At 10 00 h and at 02 00 h the following day, samples of airborne microorganisms were collected, usually in the centre of the animal house. Six agar plates were available for taking samples on each occasion and contained either PC, VRB or SA. The sampling times differed for each plate and were in the range from 15 s to 8 min according to the livestock type. The flow rate during sampling was 2 l/min. The exposed PC and VRB plates were incubated at 37°C under aerobic conditions; SA plates were incubated at room temperature, approximately 20°C. Bacteria and fungi colonies were counted after 24 and 48 h (PC and VRB) and after 72 and 96 h (SA). The defined incubation times minimized the overgrowth and fusion of colonies on the agar surface. The results were expressed as the logarithm of colony-forming units per m (log cfu/m). The measurements were carried out in 61 animal houses (England, 5; The Netherlands, 9; Denmark, 17; Germany, 30).
Emission rate calculation
The estimate of emission rate was determined from the product of the ventilation rate, which was based on the 
Results

Endotoxins
The concentrations of airborne endotoxins were measured in a total of 241 animal houses. The results are summarized in Tables 3 and 4 . Compared with pigs and poultry, the endotoxin concentration in cattle houses was clearly low. For inhalable endotoxin, mean aerial concentrations ranged between 7)4 and 63)9 ng/m and for respirable endotoxin, concentrations ranged between 0)6 and 6)7 ng/m. Mean endotoxin concentrations were higher for pigs. Inhalable endotoxin concentration ranged between 52)3 and 186)5 ng/m with respirable endotoxin concentrations of between 7)4 and 18)9 ng/m. Concentrations were highest for poultry; mean values ranged between 338)9 and 860)4 ng/m air in inhalable dust fractions and from 29)6 to 71)8 ng/m air in respirable dust. The respirable fraction typically comprised about 10% of the inhalable fraction, though there were minor differences in this percentage between day and night samples and between livestock species. The concentration of endotoxin was usually higher in the day than at night.
The relative frequency distribution of endotoxin concentration in different concentration classes is shown in Figs. 1 and 2 . For inhalable endotoxin concentration in the day and night, 40)2 and 47)5% of all samples, respectively, had endotoxin concentrations between '5 and 50 ng/m. Most, approximately 60%, of the respirable fractions had concentrations in the range 0-5 ng/m
The results of the statistical analysis showed that poultry had the highest endotoxin concentrations in each of the four dust samples ( p(0)001), followed by pigs and cattle. Calves had higher endotoxin concentrations in both inhalable samples ( p(0)001) than dairy cows and beef cattle. For the same dust fractions, significant variations between the different housing types were estimated. For inhalable daytime samples, the endotoxin concentration was higher in cattle buildings with litter ( p(0)01), while cattle houses with slats showed higher endotoxin concenrations for the nighttime samples  ( p(0)04) .
Pig houses in The Netherlands had the highest endotoxin concentrations in the respirable fraction at night ( p(0)03). The highest endotoxin concentrations for all samples were recorded in weaner houses with mesh or slat flooring. As a consequence, for nearly all dust fractions the endotoxin concentration was higher in the mesh/slats housing type ( p(0)03) than in buildings with litter or slats alone. Housing types with litter showed the highest endotoxin concentrations ( p(0)002) only for inhalable day time samples.
Differences between poultry houses were observed. Poultry houses for laying hens in England showed the highest endotoxin concentrations for all samples ( p(0)01). Except for endotoxin in the inhalable fraction at night, percheries showed the highest endotoxin concentrations ( p(0)05).
Significant seasonal interactions with aerial endotoxin concentrations were not be observed for cattle, pigs and poultry.
Airborne microorganisms
The concentrations of airborne microorganisms were measured mainly in Germany. Total counts of bacteria, Gram -negative bacteria (Enterobacteriaceae) and fungi and yeasts give an overview of the airborne microorganisms in animal houses. The results of 61 daily and 25 * E"England, NL"The Netherlands, DK"Denmark, D"Germany.
nightly measurements in animal houses are shown in Fig. 3 , expressed as the geometric mean concentration for each animal type. Seasonal effects were not considered. The highest total bacteria concentrations were detected in broiler houses with mean concentrations of 6)43 log cfu/m air during the day and night. In contrast to broiler houses, houses for laying hens had lower concentrations of between 4 and 5 log cfu/m. For pigs, mean concentrations of 5)1 log cfu/m and for cattle of 4)3 log cfu/m were detected. In all cases the concentrations were slightly greater in the day than at night. This diurnal distribution was also observed for Enterobacteriaceae with the exception of layers, while the mean concentration was approximately 1 log cfu/m lower than the concentration of total bacteria. The mean daily fungi concentration was 3)8 for cattle, 3)7 for pigs and 4)0
Fig. 1. Frequency distribution of inhalable and respirable endotoxin concentrations for all livestock buildings during the day, n"241
Fig. 2. Frequency distribution of inhalable and respirable endotoxin concentrations for all livestock buildings at night; n"241
for poultry log cfu/m, respectively: similar values were recorded at night.
Figures 4 and 5 show the relative frequency distribution of microbial concentrations as a function of concentration. The modal concentrations of microorganisms during the day were approximately 4)5, 3)5 and 3)5 log cfu/m for total bacteria, Enterobacteriaceae and fungi, respectively. At night, the frequency distribution of Fig. 3 . Concentrations of airborne microorganisms in livestock buildings. Day: n"61; night: n"25 concentration reflected the overall reduction in concentration with a similar pattern to the daytime values.
Emission of endotoxins
The emission rates for airborne endotoxins were expressed as g/h (500 kg) liveweight and the average emission rates over 24 h for all livestock buildings (n"235) are summarized in Table 5 . Broiler houses had the highest emission rates of inhalable and respirable endotoxins of 817)4 and 46)7 g/h (500 kg) liveweight, respectively. Emission rates for hens were slower than for broilers. Inhalable endotoxin emissions rates for pigs ranged between 37)4 and 66)6 g/h (500 kg) liveweight and from 3)7 Enterobacteriaceae; Fungi to 8)9 g/h (500 kg) liveweight for respirable endotoxin emissions. Cattle houses had comparatively low emission rates with mean inhalable and respirable endotoxin emission rates between 2)9 and 21)4 g/h (500 kg) liveweight and from 0)3 to 2)7 g/h (500 kg) liveweight, respectively. There was a strong linear correlation between the emission rates of inhalable and respirable endotoxins (r"0)905, p (0)001).
Additionally, maximum values for endotoxin emission rates were determined (Table 5) . In broiler houses, maximum emission rates of inhalable endotoxins were 600-fold higher than in cow buildings. This trend was similar for respirable endotoxins, although laying hen houses had the highest maximum emissions.
Due to generally higher ventilation rates during summer, the overall emission rate was 253)4 g/h (500 kg) liveweight for inhalable endotoxins and 18)3 g/h (500 kg) liveweight for respirable endotoxins. In winter, the rates were 130)4 and 9)5 g/h (500 kg) liveweight, respectively.
Emission of airborne bacteria and fungi
The emission rates for airborne microorganisms were calculated and expressed as log cfu/h (500 kg) liveweight. The mean emission rates over 24 h are shown for all livestock buildings and microbial types in Fig. 6 . The highest emission rates of total bacteria were measured in broiler houses, namely 9)5 log cfu/h (500 kg) liveweight but the range of emission rates amongst the other species and housing types was much less; the average rate was approximately 7 log cfu/h (500 kg) liveweight. The emission rates of Enterobacteriaceae were much lower. Layers had the highest emission rate of 7)1 log cfu/h (500 kg) liveweight, sows had the lowest emission rate of 6)1 cfu/h (500 kg) liveweight. For fungi the range of emission rates was from 7)7 log cfu/h (500 kg) liveweight for broilers to 5)8 log cfu/h (500 kg) liveweight for weaners.
Discussion
Concentration of endotoxins
Endotoxins are the cell-wall components of Gram -negative bacteria and their release is linked with bacterial death. In principle, quantification of the load of Gram -negative bacteria via endotoxin detection and vice versa should be possible. Laitinen and co-workers have shown that endotoxin levels in the air of wastewater treatment plants can be estimated from bacterial counts by use of a selective medium for Gram -negative bacteria 27 and concluded that the LAL assay can be used to estimate the concentration of viable Gram -negative bacteria in the air. Such findings were not confirmed in this study: there was no significant correlation between the concentrations of Gram -negative bacteria and aerial endotoxin. Differences between sampling sites and times, the use of spot readings of airborne microorganisms compared with continuous sampling for dust and endotoxin over 24 h, and stresses due to the sampling method may have accounted for this failure.
Poultry houses, in particular percheries, showed the highest airborne endotoxin concentrations in contrast with pig and cattle houses. Amongst cattle and pigs, calves and weaners had the highest airborne endotoxin concentrations (Table 3) . These concentrations are comparable with those recorded elsewhere (Table 2) , except for those of Dutkiewicz et al. 13 which were much higher. Differences in concentration may be due to the generation rate of endotoxin at its source and/or clearance by various routes, principally ventilation and settlement. The faeces are the major source of dust and Gram -negative bacteria and their microbial content will be affected by the animal's health, especially the occurrence of intestinal disease. The median concentration of airborne endotoxins in inhalable dust samples was about 50 ng/m (Figs 1 and 2) . The corresponding concentration in the respirable fraction was usually less than 5 ng/m. The concentration of endotoxin was normally lower at night and this was probably due to the diurnal rhythm in animal activities. 28 Critical concentrations of endotoxin have been suggested on grounds of human exposure. The proposed guidelines for the development of toxic pneumonitis is 200 ng/m and for inflammation of airways 29 is 10 ng/m. However, similar values have not been established for livestock. Our results and those of others given in Table 1 therefore indicate that endotoxin concentrations in poultry houses and perhaps piggeries give cause for concern for the health of stockmen.
Airborne microorganisms
Airborne microbes arise from several sources in livestock buildings and are subject to multiple stresses, such as dehydration and radiation, which influence their viability, and whose effects vary between microorganisms.
8
As a consequence, fully viable, sublethally injured, as well as dead, microorganisms (and their biologically active components like endotoxins) are present in the atmosphere. Sublethally injured microbes may also be able to recover if appropriate nutrient and environmental conditions are available and self-repair mechanisms become active. Sampling and culture of bacteria and fungi on agar media is a standard technique for assay of airborne microbes and therefore the sampling method ideally should allow for full recovery of sublethally damaged microbes. The effects of impact stress on microbial recovery are now recognized.
30
The determination of the true concentration of airborne microbes is fraught with difficulties. Many instruments, such as the Andersen sampler, Casella slit sampler, Reuter centrifugal sampler or the AGI-30 impinger, have been used to measure the concentration of airborne microbes in livestock buildings but each has its own limitations. 31 A new developed automated bioaerosol sampler was used in this study. 22 It allowed remote, independent sampling, which was especially useful at night. The distinction between day and night sampling is important, because of the diurnal variation in animal activity. Tests of a prototype showed that its sampling efficiency was similar to that of the Andersen sampler.
22
Under practical conditions, the measurements of microbial concentration was similar to those observed by other authors (Table 1) .
The qualitative composition of airborne microorganisms in livestock buildings was characterized mainly by Gram -positive bacteria such as Staphylococcus spp. and Streptococcus spp with a relative abundance of 90% or more. This high proportion is related to the resistance of these species to environmental stresses due to their tough cell wall. In contrast to Gram -positive bacteria, coliform bacteria, such as Enterobacteriaceae spp., did not constitute more than 1 or 2% of the total bacterial count. The main sources of airborne microorganisms are skin, feed, faeces and occasionally sputum. Pathogens such as Staphylococcus aureus, Streptococcus suis, Pasteurella spp., Bordetella spp., Actinobacillus spp., Salmonella spp.
or Mycoplasma spp. can be released from such sources and are important for human and animal health. Dust can be also a carrier and a source of nutrients for fungi, especially for the dominant species of Aspergillus spp., Penicillium spp. and Mucor spp. Some of these fungi are potent producers of mycotoxins such as aflatoxin, which is a carcinogenic agent. The interaction between airborne bacteria and animal-associated microorganisms may play a part in the development of antibiotic resistance. Prevention and treatment of livestock infectious diseases often involves heavy use of antibiotics. Repeated use of an antibiotic can cause resistance as has been found in some airborne bacteria.
32 Furthermore, exchange mechanisms such as plasmid transmission, can also occur within different species. Resistant microorganisms released into the environment via the aerial route may contribute to the development of antibiotic resistance in wild-type strains of other microorganisms.
This study showed that the burden of total airborne bacteria is highest in pig and poultry houses. Within this group, broiler and fattening pig units had the highest concentrations. The burden of airborne microorganisms in livestock buildings can be reduced by frequent disinfection, electroprecipitation or artificial UV radiation, while measures which reduce dust generation such as the addition of fat in feed or spraying plant oil will also decrease microbial contamination.
Emission of airborne endotoxins
While emissions of airborne dust and microorganisms from livestock buildings have been studied for many years, 32-34 there has been less interest in endotoxins and their environmental impact, even though they have been identified as aetiological agents in the pathogenesis of certain occupational pulmonary diseases.
15,19-21 Dwellings downwind of livestock buildings will also be exposed to the plume of emitted endotoxins. The resultant endotoxin concentration are low as shown by preliminary field measurements at 50 and 115 m downwind of a piggery where endotoxin concentrations were 60 and 15 ng/m, respectively. 35 These concentrations outdoors are similar to those detected within cattle buildings (Table 3) . It is not known whether human exposure to such concentrations outdoors is hazardous to health and long-term measurements for various weather conditions and emission sources are needed before an informed assessment of risk can be made.
Emission of airborne bacteria and fungi
Emission rates of microbes were estimated from the product of the ventilation rate and the concentration of airborne bacteria and fungi in the livestock building. In order to predict the subsequent dispersion of viable microbes outdoors, their biological half-life period under varying environmental conditions must be taken into account. 33 Such calculations can provide the theoretical basis for estimating the risk of airborne transmission of disease.
8 The local topography, weather and the design and position of air outlets determine the potential transmission of such contaminants. A pig unit with roof outlets, surrounded by meadows and relatively low emission rates may be more hazardous than a similar building with wall outlets surrounded by trees. Practical investigations on pig farms have recorded concentrations of airborne bacteria of 3)23 log cfu/m in winter and 2)97 log cfu/m in spring at a distance of 100 m from the source. 34 These outdoor concentrations correlated with indoor concentrations of 6)04 and 5)76 log cfu/m, respectively, which are similar to those measured in this study.
Recent studies have shown that bioaerosol emissions can be reduced by installing biofilters 36,37 or bioscrubbers.
36, 38 These devices have been developed to reduce ammonia emissions but they can also control emissions of bioaerosols. High-energy costs and frequent maintenance to guarantee cleaning efficiency are the main reasons why such devices have not been adopted commercially.
Conclusions
Samples of dust from livestock buildings were analysed for endotoxin content and an automated bioaerosol sampler was developed to monitor the concentration of airborne bacteria and fungi in cattle, pig and poultry houses. Compared with pig and cattle houses, poultry houses, especially percheries, showed the highest concentrations of aerial endotoxin with average values of 692 ng/m for the inhalable dust fraction. These concentrations give grounds for concern with respect to the health of stockmen though critical values for livestock are not known. In cattle and pig houses, the highest endotoxin concentrations were detected in calf and weaner houses. The highest emission rates of inhalable endotoxin were observed in broiler units [817 g/h (500 kg) liveweight] in contrast to cow houses with the lowest rates [3 g/h (500 kg) liveweight].
A similar rank order was observed for the concentration of airborne microorganisms. The highest concentration of total bacteria was measured in broiler houses (6)43 log cfu/m), which also showed the highest emission rate for total bacteria [9)2 log cfu/h (500 kg) live weight].
Studies of the transmission, distribution and biological effects of airborne microbes and endotoxins are needed to estimate and evaluate the hazards of bioaerosols issuing from livestock units.
